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Multiple volume reﬂections of the 400 GeV/c proton beam by the sequence of fourteen bent silicon
strips has been studied at the CERN SPS. The sequence is close to be parallel that is the spread of the
strip orientation angles is much smaller than their bend angle and eleven strips working coherently
in the regime of volume reﬂections deﬂected the beam by 110 μrad with the eﬃciency 88%, which
is signiﬁcantly larger than the estimation based on independent reﬂections. The mechanism giving the
eﬃciency increase has been studied by simulation. It appears that many particles volume captured in one
of the strips take part in volume reﬂections in the subsequent ones. Such a crystal multi reﬂector can be
successfully used as a primary collimator for the beam halo collimation of high-energy accelerators.
© 2010 Elsevier B.V. Open access under CC BY license. When a high-energy charged particle enters a crystal with a
small angle relative to some crystallographic planes its motion is
governed by the crystal potential averaged along the planes [1].
If the angle is smaller than the critical channeling angle θc =
(2Uo/pv)1/2, where p and v are the particle momentum and ve-
locity, Uo is the depth of the planar potential well, the particle
can be captured into the planar channeling regime oscillating be-
tween two neighboring crystal planes. Particle channeling is still
possible if the crystal is bent with a radius larger than the critical
one, R > Rc [2]. A bent crystal with a length L deﬂects channeled
particles by the bend angle α = L/R .
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Open access under CC BY license.  For particles entering a bent crystal with angles θxo > θc the ef-
fect of volume reﬂection (VR) predicted by Taratin and Vorobiev
[3] takes place. The reﬂection of a particle by the planar potential
occurs in the crystal volume near the place where the particle mo-
mentum direction becomes tangent to the bent planes (tangency
area). The particle is deﬂected due to VR to the side opposite to
the crystal bend by the angle, which is determined by the planar
potential.
Volume reﬂection of high-energy protons in bent crystals has
been investigated in [4–7]. The value of the VR deﬂection angle in-
creases with increasing the bend radius up to θvr = 1.4θc [7]. The
deﬂection eﬃciency is high and close to 100%. Its value is lim-
ited by the concurrent process of volume capture (VC) of particles
into the channeling regime due to strong multiple scattering on
the atomic nuclei. The VC probability increases as the bend radius
W. Scandale et al. / Physics Letters B 688 (2010) 284–288 285Fig. 1. (Color online.) Schematic picture of the sequence of two bent crystals with
the particle trajectories. 1 – a particle having volume reﬂections in both crystals
near the tangency points with bent planes. 2 – a particle volume captured in the
ﬁrst crystal and then volume reﬂected in the second one (for a simplicity the tra-
jectory part after VC is shown by red as a prolongation of the trajectory before VC).
θo is the crystal orientation angle, θx is the deﬂection angle of the particle 1, θvr is
the VR deﬂection angle.
is increased because the tangency (VC) area length Lvc where the
particle momentum direction is close to be tangent to the bent
planes is increased, Lvc ≈ Rθc [8–10].
Let us consider the process of volume reﬂection of particles in
a bent crystal. The crystal orientation angle θo and the deﬂection
angles of particles θx are counted from the direction of the inci-
dent beam axis and the initial direction of the particle momentum,
respectively (see Fig. 1). The direction to the crystal bend side
is deﬁned as a positive one. When the crystal orientation angles
|θ(r)| < θc the beam particles can be captured into the channeling
regime at the crystal entrance. VR of particles is realized when the
orientation angles are in the interval (−α < θo < −θc). The parti-
cles volume captured into the channeling regime near the tangency
point can follow by the bent channels and be deﬂected by the an-
gles up to α − |θo|.
Fig. 2 shows the deﬂection angle distribution of 400 GeV/c pro-
tons by the (110) silicon crystal with the length L = 0.96 mm
bent with R = 3.56 m, which was obtained by simulation ac-
cording to the model [11]. The proton beam shifts as a whole
due to volume reﬂection. The Gaussian ﬁt gives the VR deﬂec-
tion angle θvr = (−10.64± 0.04) μrad and its RMS deviation σvr =
(5.83± 0.05) μrad. The distribution tail stretched to the bend side
is produced by particles captured into the channeling regime in
the tangency area. Some part of volume captured particles quickly
leaves the channeling regime due to the same multiple scattering
but others pass by the bent channels up to the crystal exit. The
VR eﬃciency Pvr deﬁned as in [7] is the beam part shifting as a
whole with the deﬂection angles θx < θb = θvr + 3σvr , where θb
is the boundary between the reﬂected beam and particles volume
captured into the channeling states. The value of the volume cap-
tured beam part determines the VR ineﬃciency ε = 1− Pvr . For the
considered case ε = (1.91 ± 0.08)%, which is in a good agreement
with the experiment [7].
The deﬂection angles of particles due to volume reﬂection are
small. A possibility to increase the particle deﬂection angles using
the sequence of a few short bent crystals working in the regime
of VR was studied in the recent articles by Scandale et al. [12]Fig. 2. (Color online.) The deﬂection angle distribution of the 400 GeV/c proton
beam due to VR in the (110) silicon crystal bent with R = 3.56 m (simulation). The
Gaussian ﬁt parameters θvr , σvr determine the boundary angle θb = θvr + 3σvr . The
hatched area with θx < θb deﬁnes the VR eﬃciency Pvr .
and [13]. The sequences of two and ﬁve quasi-mosaic crystals were
used in these studies, respectively. It was shown that the beam
deﬂection angles increase proportional to the number of the se-
quence crystals. However, the beam deﬂection eﬃciency by the
crystal sequence should decrease with increasing the number of
reﬂections because of the beam fractions volume captured into the
channeling states in each of the crystals. The beam deﬂection ef-
ﬁciency due to multiple volume reﬂections (MVR) in N crystals
can be estimated in the ﬁrst order approximation of independent
events as
Pmr(N) = P Nvr = (1− ε)N ≈ 1− Nε. (1)
So, according to (1) the deﬂection eﬃciency of 400 GeV/c protons
by the sequence of ten silicon crystals considered above should be
about 81%.
This Letter presents the investigation results for the deﬂection
of the 400 GeV/c proton beam by the sequence of fourteen bent
silicon strips working in the regime of volume reﬂection at the
CERN SPS, which show a considerable increase of the deﬂection
eﬃciency in comparison with the estimate according to (1). Eleven
strips working coherently in the VR regime deﬂected the beam by
110 μrad with the eﬃciency 88% (because of some spread of the
strip orientations not all of them can work coherently). The mecha-
nism giving the eﬃciency increase has been studied by simulation.
It appears that a large part of particles volume captured in one of
the sequence crystals, which are considered as lost in (1), take part
in volume reﬂections in the subsequent crystals.
The experimental setup was the same described in [7]. Four
microstrip silicon detectors, two upstream and two downstream
of the crystal, were used to detect the particle trajectories with
an angular resolution of 3 μrad, which is limited by the multiple
scattering of particles in the detectors and the air.
The sequence of crystals was realized from a 72 × 26.33 ×
0.3 mm3 silicon plate with the largest faces parallel to the (110)
planes fabricated according to the technologies [14,15]. The 71 ×
0.97 windows, which were cut in the plate through the same inter-
val, formed the sequence of fourteen strips with L = 0.98 mm con-
nected by the common bases. The multi-strip crystal was placed in
a vertical position in a specially designed holder [16] (see Fig. 3).
The beam entered the crystal through its side face. The prelim-
inary alignment using a laser beam allowed making the largest
faces to be parallel to the beam direction with accuracy better
than 0.5 mrad. The mechanical bending along the crystal height
286 W. Scandale et al. / Physics Letters B 688 (2010) 284–288Fig. 3. (Color online.) The photograph of the multi strip deﬂector. All fourteen strips
are the parts of one silicon plate. A small anticlastic bend along the width of each
strip is produced by a primary bend along their length.
Fig. 4. (Color online.) The intensity distribution of the 400 GeV/c proton beam
crossed the fourteen strip silicon deﬂector in the deﬂection angles of particles θx
at the different goniometer positions θo . The signs 1, 2 and 14 show the positions
of the deﬂection maxima due to channeling of protons in the corresponding strips.
The horizontal arrows with the length α show the corresponding VR acceptance
areas of the strips. The vertical arrow show the position with the subsequent re-
ﬂections of protons in eleven strips.
produced the anticlastic curvature for each strip along the beam
direction, which was used for deﬂection of protons in the horizon-
tal plane due to one of possible mechanisms (channeling, single
or multiple volume reﬂection). See Fig. 2b in the recent article
by Scandale et al. [7] for a single strip. The bend angle measured
with the interferometer had about the same value for all strips,
α = (258–276) μrad.
The measured RMS deviation value for the horizontal angular
distribution of the incident beam was σx = (10.86 ± 0.01) μrad.
A high precision goniometer allowed orienting the multi-strip de-
ﬂector in the horizontal plane with the accuracy of 2 μrad. The
scan of the horizontal orientation angles of the crystal deﬂector θo
was performed. Fig. 4 shows by color the intensity distribution of
the beam passed the crystal in the deﬂection angles of particles
θx at the different angular positions of the goniometer θo . Only
particles hitting the crystal with horizontal angles counting from
the direction of the incident beam axis |θxo| < 10 μrad were se-
lected.At the very beginning (right) and at the end (left) of the scan
the mean deﬂection angle equals zero due to scattering of parti-
cles in the crystal deﬂector as in an amorphous substance. In the
middle area of the scan the proton deﬂection maxima visible at
θx > 0 occur due to channeling in one of the strips. On the other
hand, the deﬂections with θx < 0 happen due to single or multi-
ple volume reﬂections of protons in the sequence of strips. Let us
note that only one deﬂection maximum due to channeling should
be seen if all the strips have the same orientation and bend angle.
In this case we have a parallel sequence of volume reﬂectors stud-
ied by simulation in [17]. On the other hand, all sequence crystals
can be specially inclined to each other by the VR deﬂection an-
gle. Such an unparallel sequence also considered in [17] is optimal
for very high energies of particles allowing to reduce the crystal
length. Our crystal deﬂector has some spread of the strip orien-
tations. Therefore, a few maxima due to channeling are seen in
Fig. 4.
The analysis of the deﬂection angle distributions for every step
of the scan gave us the information about the strip orientations
and the deﬂection processes realized at the different goniometer
positions. The ﬁrst maximum (marked by 1) with the mean deﬂec-
tion angle θx ≈ 210 μrad on the right side of the scan at the crystal
orientation angle θo = θo1 was formed due to channeling of pro-
tons in the ﬁrst strip. These protons after the deﬂection in the ﬁrst
strip cross the next strips. Therefore, the maximum is broaden-
ing due to multiple scattering of protons and shifts in the negative
direction due to VR in a few strips. On the left from θo1 the hor-
izontal arrow shows the region of the angular acceptance α for
volume reﬂection of protons in the ﬁrst strip. The negative deﬂec-
tion by the angle about 10 μrad due to a single VR in the ﬁrst strip
is really seen at the orientation angles θo  θo1.
The deﬂection maximum due to channeling of protons in the
second strip at the orientation angle θo2 is marked by 2 in Fig. 4.
The horizontal arrow on the left from θo2 shows the VR accep-
tance region for the second strip. The deﬂection maxima due to
channeling of protons in the next twelve strips are positioned at
the goniometer positions θon on the left from θo2 with small di-
viding distances. The corresponding VR acceptance regions for all
these strips are overlapped. Therefore, starting from θo2 the num-
ber of subsequent reﬂections of protons in the sequence of strips
continuously increases, which is visible through the gradual in-
crease of the MVR deﬂection angles at θx < 0. At the end of the
VR acceptance of the ﬁrst strip the VR region of the thirteenth
strip begins. Here the deﬂection occurs due to twelve subsequent
reﬂections of protons in the strips 2–13. Then on the left from
the end of the VR acceptance of the second strip there is a small
plateau of θx with eleven subsequent reﬂections of protons in the
strips 3–13. The deﬂection maximum 14 due to channeling of pro-
tons in the fourteenth strip is positioned on the left far from the
others. Channeling is observed here for a wider range of the go-
niometer positions (compare with the maximum 1) because the
beam is broadened by multiple scattering in the previous thirteen
strips. It is the only one maximum, which gives the whole value
of the strip bend angle α, because there is not any strip behind
the last one and its VR region is not overlapped with the regions
of the previous strips. With the Gaussian ﬁt the maximum value
θx(14) = (278.4 ± 2.2) μrad, which is in a good agreement with
the value of α obtained with the interferometer. The orientations
of the strips 1 and 14 were a little far from the orientations of the
other strips because they are at the edges where some deforma-
tions in the support elements can arise.
Fig. 5 shows the distribution of protons in the horizontal deﬂec-
tion angles θx for the ﬁxed goniometer position marked in Fig. 4 by
the vertical arrow where the multiple volume reﬂection of parti-
cles occurs in the eleven strips. The distribution was obtained with
W. Scandale et al. / Physics Letters B 688 (2010) 284–288 287Fig. 5. (Color online.) The distribution of protons in the horizontal deﬂection an-
gles θx for the case with the multiple volume reﬂection of particles in the eleven
strips (for the goniometer position shown by the arrow in Fig. 4). The Gaus-
sian ﬁt determines the deﬂection angle θmr and its RMS deviation σmr . The angle
θb = θmr + 3σmr . The hatched area with θx < θb deﬁnes the MVR eﬃciency. The
beam part with θx > 100 μrad was volume captured and deﬂected in channeling
states.
Fig. 6. (Color online.) The same as in Fig. 5 obtained by simulation. The hatched
area shows the contribution of particles, which had been volume captured at least
in one of the strips.
a considerably larger statistics than for the scan step. The Gaussian
ﬁt gives for the maximum and the RMS values θmr = (−110.65 ±
0.16) μrad and σmr = (19.69 ± 0.15) μrad, respectively. With the
boundary angle for the maximum θb = θmr + 3σmr the beam de-
ﬂection eﬃciency as a whole due to subsequent volume reﬂections
of protons in the eleven strips Pmr(θx < θb) = (88 ± 0.22)%. The
eﬃciency of one side deﬂection Pmr(θx < 0) = (94.25 ± 0.14)%.
The distribution in Fig. 2 was obtained by simulation for a single
strip with the parameters, which are the same as in our multi-
strip deﬂector. The ineﬃciency of single reﬂection obtained in the
simulation ε = 1.91%. Therefore, according to the ﬁrst order ap-
proximation (1) the eﬃciency of eleven reﬂections should be about
79%. So, the MVR eﬃciency observed in the experiment is consid-
erably larger than the estimate according to (1). The reason of this
is explained below.
The deﬂection of protons by the same multi-strip crystal for
the conditions of the experiment was studied by simulation based
on the model [11]. Fig. 6 shows the distribution of the deﬂection
angles of protons for the same orientation of the multi-strip deﬂec-tor as in Fig. 5 when the subsequent reﬂections of protons occur
in the eleven strips 3–13. The distribution looks like the experi-
mental one. The maximum and the RMS values of the Gaussian ﬁt
are θmr = (−110.73 ± 0.17) μrad and σmr = (20.19 ± 0.14) μrad,
respectively. The MVR deﬂection angle and its RMS spread are in
a good agreement with the experiment. The deﬂection eﬃciency
P (θx < θb) = (91.2±0.18)%, which is also close to the experimental
one. The history of every particle can be registered in simulation.
The hatched area shows the deﬂection angle distribution for parti-
cles, which had been volume captured at least in one of the strips.
So, they also participate in the process of multiple volume reﬂec-
tions in the strip sequence. Their contribution in the deﬂection
eﬃciency is (11.74± 0.2)%.
Fig. 1 helps to understand the situation. The beam part
marked 1, which was only considered for the estimate (1), makes
two subsequent reﬂections with the mean angle θvr passing two
bent crystals and obtains the mean deﬂection angle 2θvr . A smaller
beam part 2 is volume captured in the ﬁrst crystal but has a
tangency point with the bent planes in the second crystal. Here
many of the particles 2 are reﬂected obtaining the mean deﬂection
angle θvr . So, particles volume captured in one of the sequence
crystals also participate in the multiple volume reﬂection but they
obtain a smaller deﬂection.
Our experimental results have shown a high eﬃcient deﬂection
of protons due to multiple reﬂections in the sequence of bent sil-
icon strips. A large increase of the MVR eﬃciency in comparison
with a ﬁrst order estimate occurs due to the participation of parti-
cles volume captured in one of the sequence crystals in the multi
reﬂection process.
The experiment is a part of the investigation program on chan-
neling and volume reﬂection in short bent crystals at the external
beams of protons and secondary negative particles of the CERN
SPS (the collaborations of H8RD22 and UA9). It was shown that
the 400 GeV/c proton beam is deﬂected by the angle larger than
θc = 10 μrad with the eﬃciency close to 100% due to VR in a bent
silicon crystal of about 1 mm length. Then a possibility to increase
the deﬂection angle using subsequent reﬂections of protons in a
few bent crystals was shown. The crystal multi reﬂector described
here allows to deﬂect high-energy protons in the series of more
than ten reﬂections with the eﬃciency about 90%. Such a crystal
reﬂector used as a primary collimator can improve signiﬁcantly the
beam halo collimation in high-energy accelerators.
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